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Abstract
Background: Because bacteria do not have a robust fossil record, attempts to infer the timing of
events in their evolutionary history requires comparisons of molecular sequences. This use of
molecular clocks is based on the assumptions that substitution rates for homologous genes or sites
are fairly constant through time and across taxa. Violation of these conditions can lead to
erroneous inferences and result in estimates that are off by orders of magnitude. In this study, we
examine the consistency of substitution rates among a set of conserved genes in diverse bacterial
lineages, and address the questions regarding the validity of molecular dating.
Results: By examining the evolution of 16S rRNA gene in obligate endosymbionts, which can be
calibrated by the fossil record of their hosts, we found that the rates are consistent within a clade
but varied widely across different bacterial lineages. Genome-wide estimates of nonsynonymous
and synonymous substitutions suggest that these two measures are highly variable in their rates
across bacterial taxa. Genetic drift plays a fundamental role in determining the accumulation of
substitutions in 16S rRNA genes and at nonsynonymous sites. Moreover, divergence estimates
based on a set of universally conserved protein-coding genes also exhibit low correspondence to
those based on 16S rRNA genes.
Conclusion: Our results document a wide range of substitution rates across genes and bacterial
taxa. This high level of variation cautions against the assumption of a universal molecular clock for
inferring divergence times in bacteria. However, by applying relative-rate tests to homologous
genes, it is possible to derive reliable local clocks that can be used to calibrate bacterial evolution.
Reviewers: This article was reviewed by Adam Eyre-Walker, Simonetta Gribaldo and Tal Pupko
(nominated by Dan Graur).
Background
Dating the age of a lineage is fundamental to understand-
ing evolutionary processes. This knowledge allows biolo-
gists to address questions concerning the ancestry and
emergence of a lineage, its relationship to and coincidence
with specific biological and geological events, the speed
with which particular taxonomic groups have diversified,
and the rates of molecular and phenotypic evolution
[1,2]. In some cases, the age of a lineage can be deter-
mined directly from fossils [3,4]; but for the vast majority
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of life forms, the fossil record is either incomplete or
entirely lacking, and insights into timing of evolutionary
events must rely on other indirect methods.
This is largely the situation in bacteria. Despite being the
most ancient, abundant and diverse group of organisms
on the planet, bacteria have virtually no fossil record due
both to their size and to the lack of fossilizable compo-
nents. As a result, molecular clocks have been widely
applied to estimate divergence times in bacteria [1,2,5,6],
as well as in other organisms [7,8]. By assuming that
nucleotide or amino acid substitutions accumulate at a
fairly constant rate across taxa over evolutionary times-
cales, the association of one bacterial lineage to an event
that occurred at a known time in the geologic record can
yield the age of all other lineages by extrapolation. For
example, aerobic bacteria can be linked to a time when
atmospheric conditions was sufficient to support aerobic
life; and similarly, obligate pathogens could not have
evolved prior to the appearance of their hosts. Unfortu-
nately, because there may be a gap between the availabil-
ity of the requisite resource and its exploitation by
bacteria, such events provide only an upper bound to the
date of appearance of a bacterial lineage and are therefore
of limited used for calibrating the molecular clocks. Fur-
thermore, calibrating molecular clocks using events that
have occurred in the distant past is complicated by the
issue of large confidence intervals and rate heterogeneity
[8].
A similar, but much more accurate, procedure for calibrat-
ing molecular clocks is based on the coincidence of speci-
ation events between obligate symbionts and their
eukaryotic hosts [9,10]. As observed in several primary
endosymbionts of insects, there is complete concordance
between the molecular phylogenies of the bacteria and
their hosts [9,11-18]. This concordance is the results of
strict vertical transmission and permits the unequivocal
application of the hosts' fossil record to their endosymbi-
onts, thereby providing the accuracy of fossil-derived
dates to bacterial evolution. But because these endosym-
bionts have been shown to accumulate substitutions at a
faster rate than do some free-living bacteria [10], certain
corrections might be required to assign dates to particular
groups of bacteria.
An alternative way to calibrate molecular clocks for esti-
mating the age of bacterial lineages is to determine
directly the rates at which mutations accumulate in exper-
imental systems [19-21]. Despite the appeal of this
method, such empirical estimates of mutation rates are of
rather limited use when inferring the age of most bacterial
lineages. First, the rates derived from mutation are usually
calculated on a 'per generation' basis and are difficult to
convert to actual time because the number of generations
per year in natural populations or over evolutionary time
scales is not known. Moreover, laboratory-derived muta-
tion rates can differ from one another, and from those in
natural habitats, by orders of magnitude, thus rendering
the extrapolation to broad evolutionary time scales unre-
liable [22,23].
The purpose of this paper is to determine the extent to
which bacterial divergence times can be derived from
molecular data. Using a series of internal and external cal-
ibration points, we ask if there is any gene or set of sites
that can serve as a reliable molecular clock, and whether
the molecular characters themselves portray a consistent
view of bacterial evolution. Finally, we discuss which
applications of bacterial molecular clocks are valid and
justified or whether such attempts might be better aban-
doned.
Results
Calibrating rates of 16S rRNA divergence
Due to its universal distribution and slow rate of sequence
evolution, 16S rRNA has been the most widely used gene
for the identification and taxonomic assignment of bacte-
ria, with nearly one million sequences representing all
known bacterial diversity [24]. Our first goal was to deter-
mine if the rate of 16S rRNA sequence evolution could
serve as a reliable molecular chronometer. To test this, we
focused on bacterial endosymbionts whose ages have
been established from the fossil records of their hosts
[9,11-13,16,25-27].
Figure 1 presents the extent of 16S rRNA sequence diver-
gence (K16S) relative to the fossil-derived divergence times
for six lineages of obligate bacterial endosymbionts infect-
ing three orders of insects. Evolutionary rates vary approx-
imately four-fold across all bacterial lineages considered
(0.025 to 0.091% per million years) but appear to be
Rates of 16S rRNA divergence in obligate endosymbionts Figure 1
Rates of 16S rRNA divergence in obligate endosym-
bionts. Divergence times were estimated from the fossil 
record of insect hosts (see Methods). For Buchnera, Car-
sonella, and Sulcia, linked points denote the minimal and the 
maximal dates of divergence.
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fairly consistent for members within a clade. Estimates
from the Buchnera-aphid association, for which the most
abundant and accurate data are available, varied from
0.05 to 0.08% per million years, with an average of 0.06%
per million years. Compared to their insect hosts, the rates
of 16S rRNA divergence in endosymbiont lineages are
highly variable. Applying the same fossil-derived diver-
gence times, the 16S rRNA genes in Buchnera evolve 36
times faster than the analogous gene (i.e., 18S rRNA) in
their insect hosts [10]; however, in the Blattabacterium-
cockroach/termite association, the small subunit RNA
genes of the endosymbionts and their hosts evolve at
roughly the same rate [13].
Sequence divergence in protein-coding genes
Based on their evolutionary distance, we selected 42 pairs
of bacterial genomes (Additional file 1) to evaluate varia-
tion in substitution rates across genes and lineages. The
genome pairs represent eight bacterial phyla and include
strains or species that are sufficiently closely related to
obtain unambiguous sequence alignments and reliable
estimates of substitution rate. Remembering that up to a
3% difference in 16S rRNA genes is the usual cut-off for
assigning bacteria to the same species [28], the K16S values
between members of a genome-pair range from 0.07% to
3.4% (average = 0.98%).
As alternative measures of sequence divergence, we calcu-
lated the synonymous (Ks) and nonsynonymous (Ka) sub-
stitution rates for all protein-coding genes shared between
the two members of a genome-pair; to avoid the distor-
tion caused by genes that are under strong positive or
purifying selection, we used the median value as the
genome-wide level of sequence divergence. As expected
from genome-pairs spanning such a broad range of 16S
rRNA divergences, median Ks values ranged from 0.11 to
1.29 (average = 0.6), and median Ka values, from 0.006 to
0.058 (average = 0.03). In those genome pairs whose
members were most divergent, there was much greater
variation in Ka and Ks values across genes, which is due
both to stochastic factors and to the metrics of multiple
hit corrections.
To determine if these commonly used measures of bacte-
rial sequence divergence - K16S, Ks, and Ka - increase in a
correlated manner across all organisms (and thus provide
largely consistent measurements of divergence times), we
plotted their values against one another for the 42
genome-pairs. Because the evolution of 16S rRNA and at
nonsynonymous sites of protein-coding regions are under
selective constraints, both K16S and Ka will be affected by
the level of genetic drift, which underlies the accumula-
tion of slightly deleterious mutations. For this reason, we
grouped lineages according to particular lifestyles that are
known to give rise to different levels of genetic drift (Fig-
ure 2).
As noted previously [e.g., [29,30]], bacteria that form obli-
gate associations with eukaryotic hosts have significantly
higher Ka/Ks ratios (Figure 2A, ANOVA test P-value = 8.0 ×
10-9), a consequence of their smaller effective population
sizes (Ne) compared to bacteria that are free-living or form
facultative associations. Likewise, rates of 16S rRNA evo-
lution are elevated in obligate pathogens and symbionts
(Figure 2B, ANOVA test P-value = 7.2 × 10-4), as resulting
from increased levels of genetic drift. Because the effects of
Relationships among three measures of sequence divergence Figure 2
Relationships among three measures of sequence divergence. Bacteria constituting each genome-pair were classified 
according to their type of association with eukaryotic hosts. (A) Relationship between genome-wide nonsynonymous (Ka) and 
synonymous (Ks) site divergence. (B) Relationship between 16S rRNA divergence (K16S) and genome-wide Ks. (C) Relationship 
between genome-wide Ka and K16S.
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genetic drift are genome-wide, both Ka and K16S are simi-
larly affected by reductions in Ne, and therefore, Ka/K16S
ratios are not expected to differ significantly between the
three lifestyle-groups (Figure 2C, ANOVA test P-value =
0.37).
As presented in Figure 2C, nonsynonymous sites evolve,
on average, at about twice the rate of 16S rRNA, but the
broad scatter of points indicates that this is not a general
trend across genomes. This lack of a consistent association
implies that divergence times obtained by applying a
molecular clock to one of these measures of sequence
divergence will rarely match those calibrated to another.
There is, however, a fairly reliable relationship between Ka
and Ks within each of the lifestyle groups. Looking across
the lineages considered, synonymous sites evolve 25
times faster than do nonsynonymous sites in free-living
bacteria, but only 10 times faster in bacteria that form
obligate associations with eukaryotic hosts.
Core Gene Evolution
Aside from 16S rRNA, several universally conserved genes
have been used to determine the relationships among
bacteria [1,2,31,32]. Although neither the genome-wide
median Ka nor Ks values show a strong association with
16S rRNA divergence (Figure 2), it is possible that partic-
ular genes evolve in a fashion that would make suitable
molecular clock. We examined 37 single-copy genes
present in all of the 82 genomes sampled (Additional file
2), estimated the Ks and Ka for each gene, and determined
the correlation of each with median Ks and Ka values and
with 16S rRNA divergence. As observed for the genome-
wide estimates, there is usually a much better correlation
in between Ka and K16S than between Ks and K16S (Figure
3). In fact, for 90% of the universally conserved single-
copy genes, there is no significant relationship between
their divergence at synonymous sites and divergence of
16S rRNA. The situation differs from that observed
between divergence at individual genes and the median Ks
and Ka values; as expected, individual genes are generally
significantly correlated with their respective median val-
ues. However, there is a notable exception: In every ribos-
omal protein (Rpl and Rps) considered, neither the Ka nor
the Ks values is significantly correlated with median Ks.
Although the genes encoding ribosomal proteins are short
and might be subject to stochastic variation, the more
likely reason that these genes depart from the majority of
genes in a genome is because their sequences are highly
conserved at both nonsynonymous and synonymous sites
due to constraints on protein function and to codon usage
bias, respectively.
Discussion
Bacteria have played a vital role in shaping life on Earth
throughout their long history of evolution. Although
accurate timescales have been fundamental to studying
evolutionary processes, there is, with the exception of very
few milestones, virtually no fossil record by which we can
chronicle the history and diversification of bacteria. This
circumstance has resulted in the broad application of
molecular clocks to obtain divergence times, and in this
paper, we investigated the extent to which molecules are
accurate chronometers of bacterial evolution.
The short answer is that no gene, nor class of sites within
genes, can serve as a reliable molecular clock for bacteria.
Despite early claims of similar substitution rates among
bacteria [5,9] and the application of eukaryotic substitu-
tion rates to bacteria [e.g., [33]], no single evolutionary
rate can be applied across diverse bacterial lineages or over
broad evolutionary periods. We first applied the most
direct approach by evaluating rate constancy for the 16S
rRNA genes of insect endosymbionts whose divergence
times are echoed in the fossil record of their insect hosts.
Although the 16S rRNA gene homologs of aphid endo-
symbionts were originally estimated to evolve at a rate
only slightly faster than that obtained for free-living bac-
teria (i.e., 1-2% per 50 million years), the inclusion of sev-
eral additional taxa now provides clear evidence of much
wider variation. When considering only insect endosym-
bionts, whose intercellular lifestyles might be thought to
engender similar selective constraints and similarly fast
mutation rates, we detected nearly a 4-fold difference in
16S rRNA gene substitution rates. This difference in rates
is not due to vagaries in the fossil record: in the case of
sharpshooter insects, which contain obligate co-symbi-
onts within the same host, the 16S rRNA genes of the gam-
maproteobacterial Baumannia evolve at nearly five times
the rate of homologs in the bacteroidales Sulcia [17].
If 16S rRNA genes cannot serve as a reliable chronometer
for bacterial evolution, perhaps there are other genes that
evolve in a more consistent manner. The original molecu-
lar clock hypothesis [34] was formulated based on the
accumulation of amino acid variants in proteins. On a
genome-wide scale, nonsynonymous substitution rates
are strongly correlated with those in 16S rRNA genes, indi-
cating that use of this class of sites is as problematic as 16S
rRNA genes. Note that the relationship between Ka and
K16S is the same for bacteria of different lifestyles (statisti-
cally indistinguishable slopes of lines in Figure 2C), so
despite the lineage-specific differences in mutation rates,
population sizes, generation times and genetic drift, the
population-level parameters affecting each group exert
comparable effects on the evolution of 16S rRNA and
nonsynonymous sites.
In theory, the synonymous sites of protein-coding genes
reflect the underlying rate and pattern of mutation, and
are not affected by either selection or genetic drift. This isBiology Direct 2009, 4:35 http://www.biology-direct.com/content/4/1/35
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apparent in the plots of Ks against both Ka (Figure 2A) and
K16S (Figure 2B), in which those bacteria subject to higher
levels of drift have elevated divergence at slightly deleteri-
ous sites (Ka and K16S) relative to neutral sites (Ks). How-
ever, mutation rates are not the same in all bacteria [22],
and are known to vary within lineages depending on
growth conditions [35] and within genomes depending
on the chromosomal location or transcriptional status of
a gene [36-38]. Moreover, synonymous sites reach satura-
tion relatively rapidly [39,40] and, in many genes, are
Patterns of sequence evolution in universally conserved genes Figure 3
Patterns of sequence evolution in universally conserved genes. Concordance between synonymous and nonsynony-
mous site divergence in 37 genes and other measures of sequence divergence. Left panel: Ka and Ks vs. 16S rRNA divergence. 
Center panel: Ka and Ks vs. genome-wide median nonsynonymous divergence. Right panel: Ka and Ks vs. genome-wide median 
synonymous divergence.
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under selective constraints for translational efficiency [41]
or mRNA secondary structure [42,43], all of which limit
their utility as molecular clocks.
There appears to be no panacea when attempting to
assemble a timescale for bacterial evolution. The high
level of variation in substitution rates across genes and lin-
eages suggests that no single molecule can ever serve as a
universal clock in bacteria. Furthermore, the lack of clear
calibration points, particularly for free-living bacteria,
remains a major challenge in dating bacterial evolution.
However, there is some hope: the example of the Buchn-
era-aphid association has demonstrated that estimating
divergence times based on a local, more lineage-specific
clock is feasible [9]. Because the consistency of substitu-
tion rates in gene or protein can be tested by a relative-rate
test [44,45], it is possible to determine whether particular
genes evolve at a uniform rate for a set of lineages (but see
[46] for the limitations). Once a reliable phylogeny is pro-
duced, the use of a single calibration point will provide,
by extrapolation, estimates of divergence time for all other
lineages. So while we oppose the indiscriminate applica-
tion of a single rate to calibrate the whole of bacterial his-
tory, it is possible to make robust statements about
bacterial divergence times and to calibrate key dates in
bacterial evolution.
Methods
Data source and genome-pair selection
To examine substitution rates across loci and taxa, we
selected 42 pairs of bacterial genomes that encompassed a
range of genome-wide average Ks values from 0.19 to 1.02
[29]. Genome sequences were downloaded from NCBI
GenBank [47] on October 1, 2008; genome project ID and
species names of the 84 genomes are listed in Additional
file 1. Data parsing and processing were performed with a
set of custom Perl scripts written with Bioperl modules
[48].
Sequence divergence of 16S rRNA genes
To calibrate rates of 16S rRNA divergence (K16S) in bacte-
ria, we obtained the estimates of sequence divergence and
fossil-based divergence times from the literature [9,11-
13,16,25-27]. For each of the 42 selected genome-pairs,
we calculated the K16S between their constituent members
by first aligning the nucleotide sequences in MUSCLE [49]
using the default parameters and then applying the
DNADIST program in the PHYLIP package [50] to calcu-
late the level of sequence identity. In cases where there are
multiple 16S rRNA genes within a single genome, we per-
formed all possible pair-wise comparisons of 16S rRNA
genes between both members of the genome-pair and
used the median value to denote the level of divergence.
Orthologous protein-coding gene identification
To identify orthologous protein-coding genes between the
members of a genome-pair, we performed reciprocal
BLASTP [51] sequence similarity searches on every anno-
tated protein sequence in the two genomes. A pair of
genes were defined as orthologs in the two genomes if: (1)
the protein sequences were reciprocal best-hits, (2) the
BLASTP E-value was less than or equal to 1 × 10-15, (3) the
difference in length was no more than 20% of the shorter
sequence, (4) the high-scoring pair (HSP) accounted for at
least 80% of the shorter gene, and (5) the amino acid
sequence similarity was at least 90% within the HSP. The
close relationship of the genomes within each of the 42
selected pairs coupled with the high stringency of our
ortholog selection minimized, if not entirely eliminated,
the inclusion of paralogs in the subsequent substitution
rate calculations.
Defining the core gene set
To define a set of conserved genes for cross-taxa compari-
son, we used OrthoMCL [52] to identify orthologous gene
clusters among the 42 genome-pairs. Only single-copy
genes that were shared by all 84 genomes were consid-
ered. The set of 37 genes recovered from this procedure are
listed in Additional file 2.
Substitution rate calculations
To calculate the synonymous (Ks) and nonsynonymous
(Ka) substitution rates between pairs of orthologous pro-
tein-coding genes, we aligned the amino acid sequences in
MUSCLE [49] using default settings. The resulting protein
alignments were reverse-translated to codon-based nucle-
otide alignments with PAL2NAL [53]. Because many
highly reduced genomes have a strong base composi-
tional bias, we applied the YN00 method [54] imple-
mented in the PAML package [55] to estimate the
substitution rates. The mutation model used in the YN00
method accounts for the biases in base composition,
codon usage, and transition/transversion rate.
Statistical analyses
To test if the lifestyle of a bacterial lineage is a significant
factor in determining the correlation between divergence
rates, we separated the 42 sampled genome-pairs into
three groups: free-living, facultatively host-associated, and
obligately host-associated. The type of lifestyle was used
as the independent variable in the analysis of variance
(ANOVA) model implemented in the R statistical pack-
age.
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Reviewers' comments
Reviewer's report 1
Dr Adam Eyre-Walker, University of Sussex, Brighton,
United Kingdom
Reviewer comments
In this interesting manuscript Kuo and Ochman investi-
gate whether the rate of molecular evolution in bacteria is
constant across lineages. Unfortunately, measuring the
rate of evolution is generally difficult in bacteria because
they have no fossil record. This leaves two alternatives, rel-
ative rate tests and using the fossil record of the host of
vertically transmitted endosymbionts. The authors
employ this latter strategy. They find that rates of 16S
rRNA evolution vary by about 4-fold across different
groups of bacteria, but that within each group, rates are
relatively constant. Unfortunately, they do not perform
any statistical test, so it is unclear whether this apparent
variation is significant, and if it is, whether the apparent
differences in rate could be removed by the application of
a different method to correct for multiple hits. It is a
shame that they do not apply their method to synony-
mous and non-synonymous sites within protein coding
genes; with many more genes they would have more
power to determine if there are genuine differences
between species.
Authors' response
The nature of the data set limits our analyses. In the case
of 16 rRNA gene, only the Buchnera lineage has multiple
calibration points, whereas each of the other lineages is
represented by a single point. Therefore, we can describe
the range of values and their dispersion but not test statis-
tically the differences between different endosymbiont
lineages. Unfortunately, comparisons of synonymous and
non-synonymous substitution rates between different
symbiont lineages are similarly limited.
Reviewer comments
They go on to show that Ka and Ks are correlated across
species, in both endosymbionts and free-living bacteria,
and that the relationship appears to be different for obli-
gate symbionts and free-living bacteria. Again it is unclear
whether this difference is statistically significant, but I sus-
pect it is. Surprisingly the correlation between K16S and
Ks is very weak and probably would be non-significant if
the regression was not forced through the origin (this
seems justified). The fact that the relationship between Ka
or K16S, and Ks is different between obligate symbionts
and their free-living relatives does suggest that there is
unlikely to be a universal clock involving either Ka or
K16S. They also show that the relationship between Ka
and K16S is very similar for obligate and free living bacte-
ria. This suggests that if effective population size is affect-
ing Ka and K16S, then it does so to a similar extent, which
would imply that the distribution of fitness effects is sim-
ilar for proteins and 16S rRNA.
Authors' response
We performed the statistical tests suggested by the
reviewer and have revised the Results and Methods sec-
tions accordingly.
Reviewer comments
The authors suggest that there might be a molecular clock
within a group of bacteria for certain genes and that to
determine the suitable genes one should run relative rate
tests to exclude inappropriate data. However, one has to
be careful in doing this, because as Bromham et al.
showed, this can still leave you with biased estimates,
because methods to detect rate heterogeneity are weak (J.
Mol. Evol. 50, 296).
Authors' response
We have revised the paragraph to address this issue.
Reviewer's report 2
Dr Simonetta Gribaldo, Institut Pasteur, Paris Cedex 15,
France
Reviewer comments
This is an interesting paper dealing with an important
issue, i.e. the possibility of dating the age of bacteria and
different bacterial lineages. The answer is that there is no
universal clock for bacteria: not for 16S nor for conserved
orthologues. The heterogeneity of evolutionary rates
across lineages is indeed a well-known phenomenon and
one of the most important issues in phylogenetic recon-
struction.
For molecular dating of eukaryotes, many problems have
been put forward, of which heterogeneity of rates appear
to be only one (as reviewed for example in Roger AJ and
Hug LA 2006). I am not an expert of the field, but I think
that the use of relaxed clocks and accurate models of
sequence evolution can overcome the problem of rate het-
erogeneity?
For molecular dating of prokaryotes, I have the feeling
that the major problem lies in the use of global clocks, the
absence of clear calibration points and the use of calibra-
tion points very far in time, such as the plant/animal split
to date the divergence of a specific bacterial lineage, whichBiology Direct 2009, 4:35 http://www.biology-direct.com/content/4/1/35
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has produced obvious overestimations in the literature
(see papers by Hedges and colleagues). I think that the
introduction would benefit of a more complete discus-
sion of past analyses and their potential problems.
Authors' response
Although the use of relaxed clocks and more realistic
models of sequence evolution can mitigate the problem
of rate heterogeneity, the lack of robust calibration points
remains a major challenge to established a timescale for
bacterial evolution. We agree with the reviewer's com-
ments and have expanded the introduction as suggested.
Reviewer comments
On a more specific issue, is Ka/Ks applicable to large evo-
lutionary distances such as those analyzed here consider-
ing molecular saturation?
Authors' response
We selected pairs of genomes that are sufficiently, but not
excessively, diverged so that we would obtain reliable esti-
mates of Ka and Ks. Of the 42 selected genome-pairs, the
median genome-wide Ks values ranged from 0.11 to 1.29
(average = 0.6), and Ka values ranged from 0.006 to 0.058
(average = 0.03). This range of Ks values suggests that sat-
uration is unlikely to cause strong bias in our analysis.
Reviewer comments
The authors suggest that it may be possible to date specific
lineages once at time by using genes that evolve uniformly
among the group (local clock). This suggestion is correct,
but I would have expected that the authors move over to
show a practical example. However, even in the presence
of such a clock, how would the authors deal with the
absence of clear calibration points? Finally, this is a short
interesting contribution on the problem of molecular dat-
ing for prokaryotes, which nevertheless leaves me hungry
for more.
Authors' response
The Buchnera-aphid system shows the feasibility of using
local clocks to date bacterial evolution. Unfortunately,
there is a paucity of accurate calibration points for free-liv-
ing bacteria. We have expanded the last paragraph in the
Discussions to address this issue.
Reviewer comments
Each paragraph is very short and ends a bit brutally, I
would suggest merging results and discussion, and then
write a conclusion session.
Authors' response
Perhaps we are being overly traditional, but our manu-
scripts typically partition the Results and Discussion, and
do not include a Conclusions section. The comprehensive
abstracts required of Biology Direct articles seem to reduce
the need for a separate Conclusions section.
Reviewer comments
Page 3: when referring to past analyses on dating of bacte-
ria I think it would be the right place to cite Hedges (1,2).
Authors' response
We have added the suggested citations.
Reviewer comments
Page 4: a large audience would benefit for a clear defini-
tion of calibration point.
Authors' response
We have revised the sentence to clarify the definition.
Reviewer comments
Page 5: could you please mention in the text the 6 taxa,
what phyla they belong to, and a rapid overview of their
associations?
Authors' response
We have updated the legend of Figure 1 to provide an
overview of symbiont-insect associations.
Reviewer comments
Page 6: it may be better to say that the 42 pairs of bacterial
genomes were selected based on their evolutionary dis-
tance rather than on their sequence divergence, since it
may give the impression of circular reasoning.
Authors' response
We have revised the sentence accordingly.
Reviewer comments
Discussion page 9: that Bacteria were the first cellular
organisms is a big statement, in my opinion the issue
remains open. By the way, the Archaea are never men-
tioned in the text, although molecular dating has been
done for this domain, could the authors comment?
Authors' response
Since our manuscript is not concerned with the priority of
any particular Domain, we have revised the sentence
accordingly. We did not include Archaea in this paper
because the taxon sampling of available genome sequence
is still too sparse to perform analyses that involve closely
related pairs.
Reviewer comments
Additional file 1: it is difficult to understand which are the
genome pairs.Biology Direct 2009, 4:35 http://www.biology-direct.com/content/4/1/35
Page 9 of 10
(page number not for citation purposes)
Authors' response
We have listed the species (or strain) names, along with
the NCBI genome project ID, for each of the genomes
examined in the Additional file 1.
Reviewer's report 3
Dr Tal Pupko, Tel Aviv University, Tel Aviv 69978, Israel
(nominated by Dr Dan Graur, University of Houston,
Houston, Texas, United States).
This reviewer provided no comments for publication. The
authors are grateful to the reviewer and made several
changes to the manuscript based on points raised by this
reviewer.
Additional material
Acknowledgements
We thank Nancy Moran for assistance in compiling endosymbiont litera-
ture and Becky Nankivell for preparation of the figures. This work was sup-
ported by National Institutes of Health grant GM56120 to HO.
References
1. Battistuzzi FU, Feijao A, Hedges SB: A genomic timescale of
prokaryote evolution: insights into the origin of methano-
genesis, phototrophy, and the colonization of land.  BMC Evol
Biol 2004, 4:44.
2. Battistuzzi FU, Hedges SB: A major clade of prokaryotes with
ancient adaptations to life on land.  Mol Biol Evol 2009,
26:335-343.
3. Magallon S, Sanderson MJ: Absolute diversification rates in
angiosperm clades.  Evolution 2001, 55:1762-1780.
4. Smith AB, Peterson KJ: Dating the time of origin of major
clades: molecular clocks and the fossil record.  Annu Rev Earth
Pl Sc 2002, 30:65-88.
5. Ochman H, Wilson AC: Evolution in bacteria: Evidence for a
universal substitution rate in cellular genomes.  J Mol Evol
1987, 26:74-86.
6. Novichkov PS, Omelchenko M, Gelfand MS, Mironov AA, Wolf YI,
Koonin EV: Genome-wide molecular clock and horizontal
gene transfer in bacterial evolution.  J Bacteriol 2004,
186:6575-6585.
7. Kumar S, Hedges SB: A molecular timescale for vertebrate evo-
lution.  Nature 1998, 392:917-920.
8. Hedges SB, Chen H, Kumar S, Wang DYC, Thompson AS, Watanabe
H: A genomic timescale for the origin of eukaryotes.  BMC Evol
Biol 2001, 1:4.
9. Moran NA, Munson MA, Baumann P, Ishikawa H: A molecular
clock in endosymbiotic bacteria is calibrated using the insect
hosts.  Proc R Soc B 1993, 253:167-171.
10. Moran NA, Dohlen CD, Baumann P: Faster evolutionary rates in
endosymbiotic bacteria than in cospeciating insect hosts.  J
Mol Evol 1995, 41:727-731.
11. Chen X, Li S, Aksoy S: Concordant evolution of a symbiont with
its host insect species: molecular phylogeny of genus Glossina
and its bacteriome-associated endosymbiont, Wigglesworthia
glossinidia.  J Mol Evol 1999, 48:49-58.
12. Thao ML, Moran NA, Abbot P, Brennan EB, Burckhardt DH, Baumann
P:  Cospeciation of psyllids and their primary prokaryotic
endosymbionts.  Appl Environ Microbiol 2000, 66:2898-2905.
13. Lo N, Bandi C, Watanabe H, Nalepa C, Beninati T: Evidence for
cocladogenesis between diverse dictyopteran lineages and
their intracellular endosymbionts.  Mol Biol Evol 2003,
20:907-913.
14. Moran NA, Dale C, Dunbar H, Smith WA, Ochman H: Intracellular
symbionts of sharpshooters (Insecta: Hemiptera: Cicadelli-
nae) form a distinct clade with a small genome.  Environ Micro-
biol 2003, 5:116-126.
15. Degnan PH, Lazarus AB, Brock CD, Wernegreen JJ: Host-symbiont
stability and fast evolutionary rates in an ant-bacterium
association: cospeciation of Camponotus species and their
endosymbionts,  Candidatus Blochmannia.  Syst Biol 2004,
53:95-110.
16. Moran NA, Tran P, Gerardo NM: Symbiosis and insect diversifi-
cation: an ancient symbiont of sap-feeding insects from the
bacterial phylum Bacteroidetes.  Appl Environ Microbiol 2005,
71:8802-8810.
17. Takiya DM, Tran P, Dietrich CH, Moran NA: Co-cladogenesis
spanning three phyla: leafhoppers (Insecta: Hemiptera:
Cicadellidae) and their dual bacterial symbionts.  Mol Ecol
2006, 15:4175-4191.
18. Gruwell ME, Morse GE, Normark BB: Phylogenetic congruence
of armored scale insects (Hemiptera: Diaspididae) and their
primary endosymbionts from the phylum Bacteroidetes.  Mol
Phylogenet Evol 2007, 44:267-80.
19. Cupples CG, Miller JH: A set of lacZ mutations in Escherichia coli
that allow rapid detection of each of the six base substitu-
tions.  Proc Natl Acad Sci USA 1989, 86:5345-5349.
20. Lenski RE, Winkworth CL, Riley MA: Rates of DNA sequence
evolution in experimental populations of Escherichia coli
during 20,000 generations.  J Mol Evol 2003, 56:498-508.
21. Herring C, Raghunathan A, Honisch C, Patel T, Applebee MK, Joyce
AR, Albert TJ, Blattner FR, Boom D van den, Cantor CR, Palsson BO:
Comparative genome sequencing of Escherichia coli allows
observation of bacterial evolution on a laboratory timescale.
Nat Genet 2006, 38:1406-1412.
22. Ochman H, Elwyn S, Moran NA: Calibrating bacterial evolution.
Proc Natl Acad Sci USA 1999, 96:12638-12643.
23. Ochman H: Neutral mutations and neutral substitutions in
bacterial genomes.  Mol Biol Evol 2003, 20:2091-2096.
24. Cole JR, Chai B, Marsh TL, Farris RJ, Wang Q, Kulam SA, Chandra S,
McGarrel DM, Schmidt TM, Garrity GM, Tiedje JM: The Ribosomal
Database Project (RDP-II): previewing a new autoaligner
that allows regular updates and the new prokaryotic taxon-
omy.  Nucl Acids Res 2009, 31:442-443.
25. Clark MA, Baumann L, Munson MA, Baumann P, Campbell BC, Duffus
JE, Osborne LS, Moran NA: The eubacterial endosymbionts of
whiteflies (homoptera: Aleyrodoidea) constitute a lineage
distinct from the endosymbionts of aphids and mealybugs.
Curr Microbiol 1992, 25:119-123.
26. Clark MA, Moran NA, Baumann P: Sequence evolution in bacte-
rial endosymbionts having extreme base compositions.  Mol
Biol Evol 1999, 16:1586-1598.
27. Moran NA, McCutcheon JP, Nakabachi A: Genomics and evolu-
tion of heritable bacterial symbionts.  Annu Rev Genet 2008,
42:165-190.
28. Stackebrandt E, Goebel BM: Taxonomic note: a place for DNA-
DNA reassociation and 16S rRNA sequence analysis in the
present species definition in bacteriology.  Int J Syst Bacteriol
1994, 44:846-849.
29. Kuo CH, Moran NA, Ochman H: The consequences of genetic
drift for bacterial genome complexity.  Genome Res 2009. pub-
lished online June 5, 2009. DOI: 10.1101/gr.091785.109
Additional file 1
Table S1. List of genome-pairs analyzed.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1745-
6150-4-35-S1.XLS]
Additional file 2
Table S2. List of single-copy genes that are conserved in all genomes ana-
lyzed.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1745-
6150-4-35-S2.XLS]Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Biology Direct 2009, 4:35 http://www.biology-direct.com/content/4/1/35
Page 10 of 10
(page number not for citation purposes)
30. Novichkov PS, Wolf YI, Dubchak I, Koonin EV: Trends in prokary-
otic evolution revealed by comparison of closely related bac-
terial and archaeal genomes.  J Bacteriol 2009, 191:65-73.
31. Ciccarelli FD, Doerks T, von Mering C, Creevey CJ, Snel B, Bork P:
Toward automatic reconstruction of a highly resolved tree
of life.  Science 2006, 311:1283-1287.
32. Wu M, Eisen J: A simple, fast, and accurate method of phylog-
enomic inference.  Genome Biol 2008, 9:R151.
33. Feng DF, Glen C, Doolittle RF: Determining divergence times
with a protein clock: Update and reevaluation.  Proc Natl Acad
Sci USA 1997, 94:13028-13033.
34. Zuckerkandl E, Pauling LB: Molecular disease, evolution, and
genetic heterogeneity.  In Horizons in Biochemistry Edited by: Kasha
M, Pullman B. Academic Press; 1962:189-255. 
35. Bjedov I, Tenaillon O, Gerard B, Souza V, Denamur E, Radman M,
Taddei F, Matic I: Stress-induced mutagenesis in bacteria.  Sci-
ence 2003, 300:1404-1409.
36. Sharp PM, Shields DC, Wolfe KH, Li WH: Chromosomal location
and evolutionary rate variation in enterobacterial genes.  Sci-
ence 1989, 246:808-810.
37. Mira A, Ochman H: Gene location and bacterial sequence
divergence.  Mol Biol Evol 2002, 19:1350-1358.
38. Hudson RE, Bergthorsson U, Ochman H: Transcription increases
multiple spontaneous point mutations in Salmonella enter-
ica.  Nucl Acids Res 2003, 31:4517-4522.
39. Maynard Smith J, Smith NH: Synonymous nucleotide diver-
gence: what is "saturation"?  Genetics 1996, 142:1033-1036.
40. Berg OG: Synonymous nucleotide divergence and saturation:
effects of site-specific variations in codon bias and mutation
rates.  J Mol Evol 1999, 48:398-407.
41. Sharp PM, Li WH: The rate of synonymous substitution in
enterobacterial genes is inversely related to codon usage
bias.  Mol Biol Evol 1987, 4:222-230.
42. Eyre-Walker A, Bulmer M: Reduced synonymous substitution
rate at the start of enterobacterial genes.  Nucl Acids Res 1993,
21:4599-4603.
43. Kudla G, Murray AW, Tollervey D, Plotkin JB: Coding-dequence
determinants of gene expression in Escherichia coli.  Science
2009, 324:255-258.
44. Sarich VM, Wilson AC: Generation time and genomic evolution
in primates.  Science 1973, 179:1144-1147.
45. Wu CI, Li WH: Evidence for higher rates of nucleotide substi-
tution in rodents than in man.  Proc Natl Acad Sci USA 1985,
82:1741-1745.
46. Bromham L, Penny D, Rambaut A, Hendy MD: The power of rela-
tive rates tests depends on the data.  J Mol Evol 2000,
50:296-301.
47. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL:
GenBank.  Nucl Acids Res 2008, 36(Suppl 1):D25-D30.
48. Stajich JE, Block D, Boulez K, Brenner SE, Chervitz SA, Dagdigian C,
Fuellen G, Gilbert JGR, Korf I, Lapp H, et al.: The Bioperl toolkit:
Perl modules for the life sciences.  Genome Res 2002,
12:1611-1618.
49. Edgar RC: MUSCLE: multiple sequence alignment with high
accuracy and high throughput.  Nucl Acids Res 2004,
32:1792-1797.
50. Felsenstein J: PHYLIP - Phylogeny Inference Package (Version
3.2).  Cladistics 1989, 5:164-166.
51. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local
alignment search tool.  J Mol Biol 1990, 215:403-410.
52. Li L, Stoeckert CJ, Roos DS: OrthoMCL: Identification of
ortholog groups for eukaryotic genomes.  Genome Res 2003,
13:2178-2189.
53. Suyama M, Torrents D, Bork P: PAL2NAL: robust conversion of
protein sequence alignments into the corresponding codon
alignments.  Nucl Acids Res 2006, 34(Suppl 2):W609-W612.
54. Yang Z, Nielsen R: Estimating synonymous and nonsynony-
mous substitution rates under realistic evolutionary models.
Mol Biol Evol 2000, 17:32-43.
55. Yang Z: PAML 4: phylogenetic analysis by maximum likeli-
hood.  Mol Biol Evol 2007, 24:1586-1591.